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INTRODUCTION 

The theory of posicast control permits deadbeat step response from 
a very lightly damped system by a delayed step or steps. The original 
development deals primarily with second order systems, proposes a delay 
line technique for application of the second step, notes that use of 
this technique leaves the basic system underdamped, then the processes 
use of the delay line in a feedback path to damp load disturbances and 
finally proposes use of a tapped delay line for higher order systems. 

It has also proposed that a delayed step may be applied to any 
order linear underdamped system by using a switch operated on a constant 
delay basis. 

The delay time and step magnitudes are determined experimentally. 
The resulting response is not: deadbeat but retains most of the advantages 
of posicast control, The delay line techniques have disadvantages when 
applied to relatively slow control systems, and the timer proposal makes 
no provision to damp load disturbances, 

This paper proposes two basic modifications to the posicast scheme. 
The first is that the switching operation which introduces the delayed 
step also introduce compensation circuits which overdamp the system with- 
out decreasing the static gain. These circuits do not affect the step 
response, but provide damping for load disturbances and noise without 
changing the stiffness of the system. The second is the application of 
the technique to higher order system with provision for handling the 
boundary condition problems at the switching instant by dissipating or 
counteracting the stored energy in the pertinent components. The basic 
theory, special techniques, including a phase space approach, and com- 
puter studies are detailed in the text, plus studies of an actual posi- 


tioning servo with experimentally determined forth order transfer funct-W. 
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This theory has been adequately covered in the Literature and is 
only summarized here. Given a second order unaerdamped system with 
tragsfer function 
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and the traisient response to a step input, A (tr), is 
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O,it)= J+ 4A e sin (Ut - 2D) (3) 
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From this it follows that if the magnitude of the step is at A 


then at t =T 
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O.ftp) = /.0 (fr A=) (5) 


It is apparent that at t = a 9. = 1 and ©. = OQ if a step ©. = (1/a)u(c) 


was applied at t = Q. There still remains au error signal E = On - m = 


(1/a) - 1, but if this is removed by changing O, from l/a to 1.0 at 
instant t = i, then the system is standstill at the desired position, 
there is no error signal to actuate the system, and (for the second 
order system) there is no stored energy to disturb the equilibrium. The 
transient response is therefore as shown on Fig. 1 (page }. 


The basic system is still underdamped and will oscillate if sub- 
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Fig. 1. Typical Transient Response of a Second Order System 
with Posicast Control. 
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2. = QO, the unity step input and the overdamped conpensation circuit are 
connected to the system, Typical examples are presented in the following. 
EXAMPLE ?. 
Using same system transfer function as in Example 1, the transient 
response to a step input Au(t), is 


A -~ A cos wt 


ft) 


Ag) sin wt (9) 


one) 
For convenience in applying to the physical system, the second step is 


chosen zero. Then the system response becomes 


} J : e J 
O.abt ) ; O., cos wt + QO; /w sin wt CkOy) 
Oa\t) = - On uw sin wt’ + O45 cos ot’ (11) 
where t' =t + eile ai is the time when second step input is connected. 


e a CT ie 
And ©, = ©0477) and 6 , = Ocl’ pl 


= Th = e = t 
ie ue /?u, O.; =A» ©, = Aw and 


Jape ) = A cos wt’ + A sin wt! 


(1?) 


oe - ay sin wt’ + aw cos wt’ 


For deadbeat response 


ae | 
ne = 0 (13) 
solving these Equations 13 and li for t' and A, 
wee Vy "hi, TVA een (14) 
Choosing shortest time required for o 9(t") Sea ae ae = /w 


and then A = Otis 


The transient response is shown on Fig. 3b (page 7). 





EeaMPLE 3. 
Using same system and in the same manner as in Example 2. 


12 ee T/ 3, then ee = A/2 and . = (3725 nS, 


ai = 
And substitute in Equations 10 and 11 and solving Equation lL/, tip = / Ww 
and first posicast step size A-l., The transieni response is tjerefore 
shown on Fig. 3c (page 7). 

From three examples, settling time is shortest in Example 3 where 
time required for the deadbeat response is 2 1/3. 

In the latter two examples, overdamped compensation circuit is in- 
troduced wheh the second (last) Helle step is connected in to the 


system. Fig. 2c (page 10) shéws a scheme for introducing tachometer 


feedback with two delayed step input. 








SWITCH COMPUTER 
TIMER 






= 
CA 





or 


Og 
O: 


Fig. 2. Cascade and Feedback Compensation Schemes for a Second 
Order System. 


c) Two Delayed Steps with Feedback Compensator. 





SeCrTiON ~ THIRD ORDER SYSTEM 
2.1. THEORY FOR THIRD ORDER SYSTEMS 
This discussion is applied only to the case in which the transfer 
function poles are real. 
When complex poles exist the basic theory is valid theory is valid 


but the design of a cascade compensator is necessarily different. Consider 


a system with open loop transfer function. 


ee gi A (15) 
E es STG) 


where K is large and the system is poorly damped or unstable. To apply 
posicast control the peak time and peak overshoot may be computed and the 
step subdivided so that the system reaches correspond2nce at exactly the 
peak of the first overshoot, 
Assuming that K is set to place the complex roots on the imaginary 

melewetue C 7racteristic equation is 

S74 (+8) S*+AxBS + K=O (16) 
Applying Routh's criterion, for pure imaginary roots 

K= ean ey (17) 


and the three roots are at -( ee and + VOX a The system function is 


Be os) = ee 
Fp (S ty les Hs rare) 


and transient response to a step input. Au(t) is 


(18) 
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Qi =A- AZ cos (ut-¥)- AZ @ (19) 


where 
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of 
W=(x 6) # 
} Gg nt, 
2. fein Es 
MM = Liars) v4 OB J a) + UW? ) 2 
Fig. 4 (page 13) shows a root locus of the system function. Solving the 


differential equation, it can be shown that the peak time is approximately 


Te = (1 + ¥) fw (26) 


The first maximum overshoot is 


Oe Bo ae 7 Aa) — 


And the initial amplitude required of the step for posicast control is 


A u(t =(M/m+y } We) (22) 


Using parameters defined following Equation 19, Vp 7 2if and ae hee 








pt 7 


Therefore third term in Equation 19 is neglected at the neighborhood 
Oat = oe fi the error is@peduced to zero dev sce a by making 

Op = 1.0, the output does not remain stationary because the stored 
energy due to the third pole does not permit a discontinuous change 
in acceleration. 

Thus there exists a boundary value (or initial condition) problem 
which is inherent in the posicast technique. Some solution is required 
to obtain a deadbeat response, even if compensation to an overdamped 
condition is not attempted. Three techniques are employed in this thesis: 

a) The stored energy is discharged directly. 

b) A pulse of finite amplitude and duration is injected. This 

produces a transient which cancels the transient due to the 


boundary condition. 


c) The boundary condition problem and the compensation are combined, 
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and a phase space study of the compensated system shows that an 
emeenvector on the Bes. 3 plane may be used to obtain the desired 
deadbeat response. 
The compensation problem is essentially an independent problem when 
methods (a) and (b) are used to solve the boundary condition problem, 
Either cascade or feedback compensation may be used, though feedback com- 
pensation seems preferable because it does not compromise the static gain, 
Further discussion follows with regard to specific cases. 
For the analysis of the problem, time domain is divided into two 
parts and for the second step input with overdamped compensation at time 


~ 
- 


(T,) there are boundary values due to posicast control. It is 
EL(Tp} = Cec 
O(Te) = Océ 
Gm) = © 


fj 


Bed (239) 
Using cascade compensation, the compensator transfer function is 
(St4)/(5+U;) and a suitable equivalent transfer function for overdamped 
operation is known to be 


<(5)= ip alee (2h ) 


SCOSt8IMS +4) 


& 


Then system function with boundary value is 


[s?uavg)s*+ ops 7E,19 = “Fe Ets) +SraNSt)G. + E.¢ (25) 


Rearranging the equation 
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With the feedback compensation 
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In Equations “~/ and °8, second term is the transient by the stored 


energy due to bounda-y value of? acceleration. 
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oe, COMPUTER STUDIES 

Fig. 5a (page 17) shows a computer circuit with which posicast con- 
trol is applied and stored energy causing an acceleration at t = z 
is shorted out by a switching device. 

Note that two relays are used, one marked SWl to apply the posicast 
principle, and the other marked SW2, to cancel the boundary condition. 
Both relays operate from the output velocity signal which is readily 
obtained for most physical systems. 

SWl is operated at t = Le thus applying the posicast principle. 

SWe is closed until t = ao (+). This shorts out the indicated capacitor, 
reducing tc zero, then opens. The slight delay is obtained by experimen- 
tal adjustment of the relay amplifier. In a physical system familiar 
switching arrangements may be used to short capacitors or open inductive 
storage elements, 

The design of the cascade compensator is accomplished in the usual 
fashion. If overdamping is desired but the static gain may be reduced 
a single lead section with zero used to cancel the smaller hardware pole 
is usually satisfactory. 

The attenuation of the filter is primarily responsible for the real 
roots obtained in this fashion. If overdamping is required but gain 
reduction is not permissible several cascaded sections may be necessary. 
All of the usual compensation design techniques apply, and it should be 
noted that there is no stored energy in the compensator when it is 
inserted in the system, and zero voltage is applied to the compe.sator 
at the instant of insertion. 

Calculation for the computer set up. Block diagram of underdamped 


system is shown in Fig. 6(a) (page 18) the parameters are K = 9000, 
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Fig. 6. Block Diagrams for a Third Order System. 
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a, re 4. From fquations 19 and 2° 
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At the first maximum overshoot, full step input and overdamped compen- 


sation is connected to the system, and resulting system is shown in 


Fig. 6(b) (page 18) with block diagram. The system function is 


Be K Fou (32) 


ee wee + onere 


——e ee as 7 ee * ior 
Ge S(StBKS thy) t K (3+ SNS 423,523 N $759577) 
And transient response to a step input, u(t) is 


he it 368s 0 se i 
Geis = J — pb Og pre ag (33) 
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Overdamped System 





fr = bp -~ Ce 

a Saas | L i 

ia - e a Gee eae ee Hy 
a ©5372, EE ees) rs 


E - kL 


Scalings are XE = AG = .0/24 Ke; ft eo 

rig. 5 (b) (page °1) shows a computer circuit with which posicast control 
is applied and stored energy is shorted out by switching device, 
Arranging the transfer function somewhat similar to the physical system. 


Then the relations are for Oke Jp (underdamped system ) 
E= (M/rt+y) Ge — Oz 
% -Z 


te ) g 
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Where 

TEOs=(S tals a. (S) £26 
Then > 

cL —_ Lf ogee 

Titi = $47 Mtv (§U°C15 9 + 2.4 £ (37) 


Scaling is Xs 1,4 and set up for t 7 is same as before, 

Fig. 5 (c) (page 22) shows a computer circuit which simulates the 
energy storage elements in transfer function form, and which effec- 
tively cancels the stored energy by injecting a pulse at the switching 


instant. Computer set up is same as in Fig. 5 (b) except the branch 


of generating a pulse. 
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All of the systems of Fig. 5 were tested with step inputs. The para- 
meters were the same, 

The results obtained sere identical, and a single set of results is 
presented on Fig. 7 (page “%4). 

To design feedback compensation, assuming that the transfer function 
of the underdamped system is given by Equation 15, and that a suitable 
equivalent transfer function for overdamped operation is known to be 
Equation 24, 

It is readily shown that a suitable feedback function converting 
equation 16 to equation 24 is 

H = (Ye Vesa) 8* + Alena) 8] (38) 
To obtain overdamped operation it is necessary to connect this feedback 
path when the second step of the posicast control is applied. It may be 
noted that the static gain is not altered when the feedback compensator 


is introduced, but the boundary condition problem remains, 
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Fig. 7. Posicast Control of a Third Order System Using 
Techniques of Fig. 6. 


a) Transient Response Curves. 
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Fig. 7. Posicast Control of a 
Third Order System Using 
Technicues of Fig. 6. 


= OOF c ) O. vs . Phase Plane, 





pea eos oFACE TECHNIQUE 

While the methods of Fig. 5 are avplicable a new and interesting 
technique evolves from a phase space study of the problem, 

For the third order system the differential equation in terms of the 
error variable is of the form 
E+ ye + YE KE 0 ie) 
The numerical values of X and Y are different for the underdamped and 
overdamped cases, 

For the underdamped system X = s jae - AB oe X f3 (ey +m) 
and for overdamped system X = ] + Wp, K “Af (A+ 73 e 

The phase space defined by Equation 39 is the B, E, E, space. A 


component of the slope of the phase trajectory is given by 


— ar } — re r na 

<— i ke 
ee _ AE PE <a (40) 
E aE a 


by choosing a constant value N = OF as » & phase is defined in the phase 
space, By further imposing the condition E = 0 the phase space is 


collapsed to the E vs. E plane and 


Jz + Ye 
le 
We Hp (1) 


defines a line in the E vs. E plane which is a straight line through the 


origin with the property that at any point on this line the slope of the 


e 6 ° 


E vs. E trajectory has the designated value N, When the second order 


system defined by Equation 41 has real roots, then two eigenvectors are 


defined in the E vs. E plane. 





Manipulating Equation 41 


“dé 


_—yv. 2 (42) 


N+ 


nid 


thus the values of N which define the eigenvectors are 


a 5 suk 
aes yy De 
\V = KFC ; ) 


e (43) 
For the underdamped system this evaluates to N = -ud, “P and for the 
overdamped system N = - f no 


The physical interpretation of these results is simple. If the 
underdamped system is set into motion by any forcing function (such as 


a step), and at an instant when ble +N-= -Alay 3) the error signal 


E is forced to zero, such as by opening the error channel, then the 


® 
. e 


system will drift to standstill with E and E going to zero simultaneous- 
ly and at every instant the state point is on the straight line 

E/ a. In like manner, if the error signal is forced to zero and 

the feedback circuit connected simultaneously when E/* = N =o 

(or = (yy) the overdamped system behaves in like manner. Fig. 8 

(page 29) shows acceleration vs. velocity trajectories obtained in 

this fashion with the feedback compensated system shown in Fig. 9 

(page 30). 

To combine this concept with posicast control, the following pro- 
cedure applies: the initial step magnitude is reduced to a value 
slightly less than that which would be used with posicast control; 
the damping circuits are connected and the error signal forced to zero 
when the ratio E/* is at the predetermined value; when the system stops 


the error channel is reconnected and the full input signal (second 


step) is used, the system is in correspondence with the feedback 


28 
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Fig. &6. Acceleration vs Velocity Trajectories with Damping Connec 
and Error Signal Cancelled at X = - Udy « 
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damping circuit is counectell ag césiredk, The r¥duction in th® aupiitude 


of the initial step is due to the fact that the dynamics of the systen 


are changed when the theory of tne E vs, E plane is applied, To 


obtain deadbeat response it is necessary that E, E and E reaches zero 
simultaneously. By following the eigenvector in the E Vou E plane it 

is guaranteed that aac F reaches zero simultaneously and quickly, but 
reduction of the error signal to zero in this manipulation reduced the 
system to open loop operation for a short time during which the physical 
error does not seek a null. 

If the initial step required by posicast theory is applied, switch- 
ing to the eigenvector in the ae k plane permits a slight overshoot in 
position due to the change in the velocity function, Therefore a smaller 
initial step is required. 

Computations for adjustment of posicast step magnitude are as 
follows: 

Consider an underdamped system described by Equation 15 with 
(X => f= 4O, K = 9000, and overdamped system described by Equation 2! 
with ‘ea LO, oo - 50 and K = YO00. 


The chosen eigenvector on the E vs. E plane for damping purpose is 
Efe = W= — hh = — 5¢ (uh) 


from which 


ca Mt 


E Poke 40 fe = — (45 ) 
The solution of the differential equation for the output motion ot the 


underdamped system gives: 


yf 





de! Ve 7 ae fee 
a = 2a oS meen ee LED . aa, a = 
Lt) = aa — Tp Os (6) 
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Gel) = jay 5 Ate Bil Ui) “Tess (47) 
bw = tI : a9 77 = vy} — wees LR 
c pipe P(e! 140/169) eae 


Where the roots of the equation are ¥; OF fo"; and the other parameters 
are defined following Eyuation 19, At the instant of switching 


met i ) and the exponential terms may be neglected. 


ee = z Z = £7 oy Ge ; 
,¢€50G6, = 0 = - [BC 0) pale’ her TGaV = pP/ 
°° Bey OO ee 7 





which reduces to 

lan (Wt —-W) =— Wy 2 —. 289 (50) 
from which a first approximation is list -W) = ASI, VAX substituting 
this into the equation for Gi. Ut 

CG, = fy = ma too [LE.2° = 9ST (31) 
which is the value of the output displacement when the damping loop is 
closed and the error signal nullified, 2, and 6. are readily computed 


in like manner so the initial conditions for the damping mode are 


> 


983 Cnp= (89 and Gig =~ the = — Gio. 
Using these initial conditions in conjunction with Equation 24, 


SUS*BKS # Ub) G3) = Ke +3 AKS tly) Oe 7 r6srP rel JO, f 6, (52) 


and Notinegwtunat E is zero by Gdetinieion, 


(SEIS tn) Cet + (Suptab)Oci t Oct 
GG) = ~~ eel, ) 





(53) 


32 





then 





* , fe : 
; lf . b Fi 
(4) te fa + L? ee. oC + ©; C*. mn, = ( 54 } 


Al - 


where 


Ni 


7 LaF 
|e Me (55) 





and these exponential terms are damped out quickly. Noting that in this 


damping mode Ot 4 O.2= © . it follows that 


ee 


7 Wily» 5 Cee” 
Get) a Gey ca <=. Gee ~ eter 
Pe ro 
= Ce, 2 ee 
D 
(56) 


Inserting numbers 


oS 
6, tt) = 98) + SE = /, 0/86 





This indicates about two percent overshoot. It is desired that 


eo =/,0 or 


». 


2 Gone 





oS 
ke 
v 


The magnitude of step used was [Pt / Me -y/=, 3j/2 Let the new magnitude 


be A, such that 


_A SS 


ye ae 





from which A = .502 as a first approximation. The operation of Fig. 9 
is now explainable. For a step displacement input Gz is fed through 
A, which reduced the step magnitude, and through SWl. The underdamped 


ae? 


system responds rapidly. When OF 508 = O the switch SW1l operates, 
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opening the error channel and applying the feedback damping loops. 

The open loop arrangement brings oO and Oto zero simultaneous- 
ly, and for proper adjustment of the posicast step €% = Ge when €7, = on 
At this instart SWe recloses the error channel and locks the system, 

Fig. 10a (page 35) shows a family of o vs. © phase trajectories 
obtained with the system of Fig. 9. It is readily seen that they are 
essentially the same as those of Fig. 7b (page 25). Fig.10b (page 26) 


shows a family of step-response curves, indicating that the performance 


is satisfactory over a range of step sizes.’ 
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Fig. 10. Posicast Control of a Third Order System Using Phase 
space Technique. 


a) ©. vs QO. Phase Plane Family, 
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Fig. 10. Posicast Control of a Third Order System Using Phase 
Space Technique. 


b) Step Response (0. vs t) Family, 





OBCTION 3 FUT ee ool 


~- Oe re Oh ae eee 


3.1, THEORY FOR A FOURTH CRDLR SYS IRN 

As an additional extension of the method, it was decided to try 
application to a physical system; a positioning servo utilizing an 
amplifier, amplidyne and l/l} H, P. shunt motor. Transfer function 
were determined experimentally. 

And using feedback compensation the system may be overdamped with 
real roots. Application of the posicast control principle requires that 
all stored energy be removed when the system reaches zero velocity and 
the second step is applied with overdamped compensator. In amplidyne 
system, with output at zero velocity, energy storage is expected in 
the armature inductance, in the amplidyne quadrature field, and in the 
amplidyne control field. To dissipate this energy two schemes are 
attractive; feeding a pulse into the amplifier, and open circuit switch- 
ing. It was decided to try both, using an analog computer study to 
guide the techniques, 

To provide positive control of the pulse, yet keep its amplitude 
proportional to the command, This signal was obtained from é¢y . when 
open circuit switching is used, all three energy storage unit should be 
opened; however, it did not seem desirable to open the armature circuit 
of the motor where the energy storage would be quite small. The 
quadrature field of the amplidyne was available for opening and re- 


closing with relays and the control field is opened in the process of 


changing the step input. 
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Otethe Mus itioiing se.vo. 
Taking open loop frequency zvusponse o1 the wheie system and drawing 


be £ bie 


the Bode diagram, it is found that the system has three time constant: 


7 i nes 
. Ge \ Lee 5) 


QS a 


with one integrator, neglecting values below - 3C db a 
(point marked x) shows the data take from the actual system by measu.. 
the ratio of velocity output vs velocity output at lowest frequency 

(f = .O1 cycles). 


Assuming open loop transfer function of the systen 


~ 
- 








é&e Mar 
pO) ee ee oe (98, 
& 5 Gg Se Gey nt oes hilt . 
cs I/ 
ae a ‘| com a 
SC) = (Py 
f 3) (teas et 7, et Ha oer) 


Taking open loop frequency response of the amplidyne supplying the tield 
current from amplifier, time constant of the motor-load conbined was 
eliminated. Fig. 13 (page 43 shows a schematic diagram fo~ che spen 
loop frequency response test of amplidyne and Fig. i+ (page 12) is the 


result. Where magnitude ratio was taken as one at the iowest freaqueacy 


Ga .Ol1 cycles). 


From Fig. 14 time constant is found at ow = 16.5 and damping ratio 


( .~( and amplidyne gain is found as 1000. 
Knowing two of the three open loop poles of the system, one time 


constant in the motor-load combine’ ‘s easily found at Wi = & from Bode 


a 


dvagram in Fig. If. Fig. 15 (page N 3) is the plots for pcetentiometer 
calibration (Voltage angular displacement ) and Fig. 16 (page is the 


tachometer calibration curve (voltage induced vs anguiar velocity). 
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In Fig. 15 slope of the straizht line is 6,11 volts/rad, and ,606 
volts/rad/see in Fig, 16, 

Knowing these two coefficients, the overall system velocity gain is 
found as : 

Drawing the root locus as shown in Fig. 17 (page 46) select the 
roots of the system underdamped and corresponding gain is found as 
24050. 

Now, transfer function of each component is predicted closely. 


Block diagram is shown in Fig. 18a (page 47). 
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With the gains indicated (24050) the system is stable but badly 


underdamped with system open loop function 
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Fig..18. Block Diagram of Amplidyne Positioning Servo with 
Feedback Compensation, 





3.3. COMPUTER STUDIES 


3.3.1. COMPUTER SET UP 


Determined transfer function of the underdamped system is 


Geo, ee (61) 
ox CF 2 EP SVOS HAF Ff 7S) 
and transient response to a step input AGE), is 
ae to a 
Bbi= 4 - Ih 2 les el a Hes +. 2bP fa Aden. a ¢ { 62 ) 
es ; J ~I$,25T 
ClO=7SAL- 1. (s8% B53 5) -¢ $2242 "ol Ss-t- 228) (63) 
oe we -- : “gt ; wet 2 2 
BAC) b2.5fp 2 Oh C wy, J ATONE sf ow” Be (6.43 aT — 22209 (64 ) 
at ane — Fo 7 s & . wes. -8 IASC 
CLO 054 C4) bef 7 x ey S42 985 Rad pit. =s SERS i esol (Ge 
2 O 
The maximum overshoot occurs at t = T , emi = .478 sec. At 
: P 458 
thnas instant QO. = Oo 
ATI - 1. f4sA= 2h (ee 


Therefore magnitude of the step is set at 


A» Ifa VA] S08" “9 9F2 (67) 


then at t =T,0 (T_)=14.0 
po cP 
Now to design the feedback compensation, assuming a suitable transfer 


function for overdamped operation is known to be 


Q2HOSE 


Cc 
See (5S) = 68 
Ge an / &COStHISHNS 126)( 5173S) 068) 
And system function is 
OF 5) (69) 
Ge (SFE ONS AN ST2ESNS #760 


It is readily seen that a suitable feedback function converting Equa- 
tion 60 to E,uation 68 and feedback circuit is feeded into next of am- 


plifier which has the gain of 20. 
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Bice) ica (page 47) shows the ieedback circuit in dotted line. Rearrange 
the Equation 60, underdamped system is 
(S* +241 33 4497S *4 2178S ) els) = 2¥050 Ets) ee 
G15) = S'O.6) = 2He si £js) ~ F/ (OO) -- YETI O08) - 217F Of) (72) 
Where E= Goa-&e 
for overdamped system 
is Cus D= AACICOCLE -— IFO. (5 J— fOSE 6. O)— f(hOO Q. (S) (73 ) 
from Equations 72 and 73 
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Fig. 194 (page 5C) is the computer circuit using pure derivatives. 


Equation and scéling factors are as follow. 


Underdamped system with posicast step input 
a / - 2 : . 
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(a = B (202 # Vans eye. _ Us-7 Oe ~ 2I7F Ce ) 
0. = aE : = a 5. re = nih 2 ( go 
¥ i » = eh ae Z ce “i ae ¥ | 


Overdamped system with unity step input 
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Scaling factors are 
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es , —~ a ae / Ss a Sa : 
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OG 2 +25 AB Mae, Kber so aud OX, = oe 
In the computer circuit, boundary condition due tv acceleration Gee) 
and rate of change of acceleration (E) is charged at t = a 1 Seine 
Eapacitor of amplifier 3 and 2. This is shorted out by the switch 
marked SWl, and open again immediately. This switch is controlled 
utilizing the velocity signal (output of amplifier 4). 

Results are shown on Fig. 19B (page 52). Fig. OCA (page 5€) shows 
the computer circuits arranged somewhat similar to the (actual) physical 
system, And also the boundary conditions are shorted out at t =T 
To make the system overdamped, additional Be, On, a. signal cence 
back circuit is necessary in the underdamped circuits. But pure higher 
order derivatives signals are not available except velocity signal, 
Therefore, feedback circuit is different from Fig, 19A. In Fig. 18b 
(page 47) assuming motor-load gain as one and amplidyne gain as 1202.5 
and ES is designated as the output of the amplidyne (or input to the | 


motor armature). Then 


Bie 5°56) 0. = Ge Ge (77) 
os Do a eae 
lee > L4 = Oe gee (78) 


From Equations 70, // and 78 required feedback signals can be expressed 


2 


with ES: ES and Oo. 
OPS Os P97 Og + LCE Ee = P49 LE, +662 Lp 2. 64 O (79) 


Where different arrangement of the gains in motor-load and amplidyne 


does not change the overall system characteristic nor analysis ot the 
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Fig. 19 B., Reswlts of Computer Studies, 


a) Unierdamped, 
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Fig. 19 B. Results of Computer Studies. 


b) Overdamped. 
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Fig. 19 B. Results of Computer Studies. 


c) Final Result. 
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Fig. 19 B . Result of computer studies, 
d) Step responses with different magnitudes of the 


commana. 
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Scaling factors are the same as betore with the addition of OE; uZ 
and XE = 4°. And results are presented on Fig. "CB (page Wo). 
Sweee. PULSE TECANIOUL 

In Fig. Pf (page 63) pulSe 1@ applied before the second posicast 
step is connected to the system and removed with the first posicast 
Pnput . 

Computer circuit is exactly the same as Fis. ObA (page 5€) except 
the branch in which pulse is applied, For the higher order system, 
transient is continually varying after second step is connected to the 
system as shown on Fig. 20 Bb (page 5Om 

In order to eliminate this variation, the right amount of transient 
with opposite polarity may do the job. 

The switch is operated at velocity equals zero changing the input 


and inserting damping. An instant after the switch is operated, the 
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a) Underdamped, 
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b) Posicast vith overdamping circuit but without 
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c) Overdammed system responce. 
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d) Pinal result with short civevitn, 
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CeCreasin¥ cisdiacentit Crawkie a torec sre 1 mi 2 
Chat at the starting point of “iw overJane cms t@m@ respulse, 

if the switch is operated to change the input, but no damping is 
added, the transient after first peak of overshoot is closely estimated 


as —OLD bo 3 , where Ja ee 


—t 


Therefore, a pulse is chosen to counterbaiance the transient due to 
stored energy, but in applying this pulse the time lags in the system 
must be considered, 

The time of the pulse width is closely related to the time lag of 
the system and the magnitude of the pulse is chosen near the initial 
value of the system error for pene ences In actual computer studies, 
these values are determined by trial and error. And it is certain that 
the magnitude of the pulse should be greater than (1 — Vs and with 
greater magnitudes, a shorter pulse width is needed, 

Choosing the magnitude of the pulse, the system response could be 
deadbeat with only one value of pulse width. 

The pulse is applied before the second step; it is applied to the 
underdamped system, and disconnécted when the second step and overaamped 
circuit are connected, 

Fig. 213 (page 65) shows the final result of deadbeat response 
applying the pulse. 

Fig. £1C (page 66) shows the deadbeat response applying wider and 


smaller pulse than in Fig. °1B and compares it with that obtained varying 


the magnitude of the pulse and pulse width. 
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3.4. PHYSICAL SYSTEM STUDIES 

Fig, 29a (page €4) and Fig. 22b (paze ’C}) snows the circuit diagrams 
for the positioning servo with open circuit switching technique and 
pulse injection techniques. 

NOEC ERat in each ‘case only velocity and acceleration feedback nicr- 
used, since noise prevented addition of a ae channel, 

As a result the compensated system had two real and two compiex 
roots instead of four real roots. However, the real roots were dominant 
and the compensated system had an overdamped step response, 

Fig. 23 (page 71) shows a system response for underdamped and over- 
damped cases. : 

Fig. 24 (page 73 ) shows a typical transient response obtained when 
the quadrature field was opened and compares it with that obtained using 
posicast control but without opening the quadrature field, Note that 
the characteristic dip obtained when the energy is not cancelled was 
predicted by the computer study of Fig. 20 Bb (page 58) but in this case 
small amplitude oscillations due to the complex roots are apparent, 
Similar results were obtained for various magnitudes of step. 

Fig. 25 (page 74 ) shows a family of step responses opening the 
quadrature field of amplidyne. 

Fig. 26 (page 76) shows a family of step responses using the pulse 
injection technique with carefully adjusted pulse width, Note that the 
responses are all essentially deadbeat as desired, For large input 
steps there is a slight oscillation, and it is presumed that saturation in 
the magnetic circuits has prevented proportional energy storage, so that 


the pulse width (‘tT ) as adjusted for normal steps is too wide for larger 


steps, 





Adjustment of the pulse width ( TF } 
(page 77) shows the effect of variations 
response. 

Note that the pulse must be applied 


posicast step to compensate for the time 


is. fame) Vy crite alnee st tee 


in pulse width ( © ) on the 


somewhat before the second 


lags in the system, 
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Fig. 23. Response of the physical system, 


a) Underdamped. 
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Fig, ?u, Step Response of Servo with Modified Posicast Contro!, 


Using Circuit of Fig. ea 
1) Posicast, with Switching in Quadrature Field. 


2) Posicast without Cancellation of Stored Energy. 
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Fig. 25 (1). Family of Step Responses Opening the Quadrature Field 
of Amplidyne. 
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DISCUSSION AND CONCLUSIONS 

This paper has proposed two modifications for the applicatien of 
posicast control which remove some objectionable characteristics while 
retaining all of the desired features, and which also permit ready ex- 
Cension of the posicast principle to higher order systems. The first 
modification is that of designing damping circuits which are connected 
simultaneously with the application of the second part of the divided 
step. The purpose of this modification is to permit very light damping 
with consequent short rise time for command signals, while providing a 
stiff, heavily damped system to oppose noise and load disturbances, 

It has been shown that such compensation can be designed for either 
cascade or feedback connections, and easily satisfactorily inserted in 
the system. Cascade compensators are more difficult to design if the 
static gain is to be maintained at the level used to obtain the desired 
rise time, but is not difficult to obtain if this restriction may be 
relaxed, Feedback compensation is relatively easy to design, and the 
static gain is automatically retained, For higher order systems the 
noise level in the derivatives may introduce a practical difficulty, 
but such difficulties can be overcome as has been shown, 

The second modification is the suggestion that simple techniques 
may be used to dissipate stored energy, thus permitting ready applica- 
tion of posicast principle to higher order systems. Three specific 
techniques have been suggested. 

The first of these is direct dissipation of the stored energy by 
open or short clrceuit switching. This has been proven satisfactory by 
application cto a puysical servo systom, The second tecnnique is can- 


cellation of tne transient due to the Stored energy by injeccion or a 
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pulse. This has also been proven satisfactmr: , Rf uwtMors fot. IFhae 
dissipation of eaergy by switching is Wetter tiim che puise téchriqhe 
when both are applicable, The third techniquc, studied in cojunction 
with a simulated third order system, evolves a method for forcing EF, & 
and E te poeto zero simultancously,. Tnis resulés from a phase space 
study and provides a circuit which forces the system to follow a se- 
lected eigenvector in the F vs, cee This technique worded 
satisfactorily in simulation and suggests numerous possibilities fur 
future development. 

Finally, it has been shown that both modifications may be applic 


~ 


simultaneously with satisfactory results. 
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